؉ channel (GIRK or Kir3) currents are inhibited by mechanical stretch of the cell membrane, but the underlying mechanisms are not understood. In Xenopus oocytes heterologously expressing GIRK channels, membrane stretch induced by 50% reduction of osmotic pressure caused a prompt reduction of GIRK1/4, GIRK1, and GIRK4 currents by 16.6 -42.6%. Comparable GIRK current reduction was produced by protein kinase C (PKC) activation (phorbol 12-myristate 13-acetate). The mechanosensitivity of the GIRK4 current was abolished by pretreatment with PKC inhibitors (staurosporine or calphostin C). Neither hypo-osmotic challenge nor PKC activation affected IRK1 currents. GIRK4 chimera (GIRK4-IRK1-(Lys 207 -Leu 245 )) and single point mutant (GIRK4(I229L)), in which the phosphatidylinositol 4,5-bisphosphate (PIP 2 ) binding domain or residue was replaced by the corresponding region of IRK1 to strengthen the channel-PIP 2 interaction, showed no mechanosensitivity and minimal PKC sensitivity. IRK1 gained mechanosensitivity and PKC sensitivity by reverse double point mutation of the PIP 2 binding domain (L222I/R213Q). Overexpression of G␤␥, which is known to strengthen the channel-PIP 2 interaction, attenuated the mechanosensitivity of GIRK4 channels. In oocytes expressing a pleckstrin homology domain of PLC-␦ tagged with green fluorescent protein, hypo-osmotic challenge or PKC activation caused a translocation of the fluorescence signal from the cell membrane to the cytosol, reflecting PIP 2 hydrolysis. The translocation was prevented by pretreatment with PKC inhibitors. Involvement of PKC activation in the mechanosensitivity of muscarinic K ؉ channels was confirmed in native rabbit atrial myocytes. These results suggest that the mechanosensitivity of GIRK channels is mediated primarily by channel-PIP 2 interaction, with PKC playing an important role in modulating the interaction probably through PIP 2 hydrolysis.
؉ channels was confirmed in native rabbit atrial myocytes. These results suggest that the mechanosensitivity of GIRK channels is mediated primarily by channel-PIP 2 interaction, with PKC playing an important role in modulating the interaction probably through PIP 2 hydrolysis.
Muscarinic K
ϩ (K ACh ) 1 channels in the heart are heterotetrameric channels composed of two subunits, GIRK1 (Kir3.1) and GIRK4 (Kir3.4) (1). The K ACh channels are stimulated by M 2 receptor activation in response to parasympathetic stimulation, which leads to the hyperpolarization of the membrane potential and results in a decreased heart rate (2, 3) . In addition to this canonical activating pathway, molecules such as G␤␥, intracellular Na ϩ , and Mg 2ϩ also activate the GIRK channels by strengthening the phosphatidylinositol 4,5-bisphosphate (PIP 2 ) interaction with the channels (4). PIP 2 has been shown to directly interact with the C terminus of the GIRK channels and activate the channels as a membrane-delimited second messenger (5) . GIRK channels have also been shown to be modulated by other factors such as mechanical stretch (6) and protein kinase C (PKC) (3, 7) , although an involvement of PIP 2 is not known.
Mechanical stimuli alter the electrophysiological properties of the heart. This mechanoelectrical feedback plays important roles in regulating cardiac function (8, 9) . For example, the atria act as volume sensors and regulate heart rate, such that distension of the right atria or stretch of the sinoatrial node increases the heart rate and causes the secretion of atrial natriuretic peptide (10, 11) . Under pathophysiological conditions such as myocardial ischemia or heart failure, these mechanoelectrical feedback mechanisms sometimes lead to arrhythmias (12, 13) . Recently, Ji et al. (6) have demonstrated that GIRK channels, which are localized in the atrium and the sinoatrial node, are mechanosensitive, and have suggested that the mechanosensitivity of K ACh channels contributes to the mechanoelectrical feedback of the atria (6) . The mechanisms as to how the GIRK channels sense the stretch of the membrane have not been clarified.
In the present study, to elucidate the molecular mechanisms underlying the mechanosensitivity of GIRK channels, the effects of PKC, PIP 2 , integrin, and cytoskeletal elements on the mechanosensitivity have been studied in the Xenopus oocyte heterologous expression system and in rabbit atrial myocytes. Here we present evidence that the mechanosensitivity of GIRK channels depends on their direct interaction with PIP 2 , which can be modulated by PKC probably through PIP 2 hydrolysis via PLC.
EXPERIMENTAL PROCEDURES
Mutagenesis and cRNA Synthesis-Chimeras between GIRK4 and IRK1 were constructed using two-step PCR (14) . Mutations were made using a site-directed mutagenesis kit (QuikChange, Stratagene, La Jolla, CA). All constructs were confirmed by DNA sequencing (ABI 373A, PerkinElmer Life Sciences). cDNA constructs were linearized and cRNAs were produced using an in vitro transcription kit (Ambion). The GFP-tagged pleckstrin homology (PH) domain of phospholipase C (PLC)-␦ (PHD-GFP) cDNA was subcloned into a modified pYES2 vector for expression in oocytes.
Channel Expression in Oocytes and Current Recording-Xenopus laevis oocytes were isolated by enzymatic digestion with collagenase, and the follicular membrane was removed mechanically by fine forceps. Stage IV-V oocytes were injected with 1-2 ng of cRNAs. The ratio of G␤␥ cRNAs co-injected with GIRK channels was 1:5 (G␤␥/GIRK ϭ 0.2) unless otherwise specified. Electrophysiological studies were conducted 2-6 days after injection. Whole cell currents were measured with the two-microelectrode voltage-clamp technique at room temperature as described previously (6) . Microelectrodes contained 3 M KCl with a resistance of 0.3-1.0 M⍀. The currents were elicited in response to voltage steps between Ϫ140 ϳ ϩ20 mV with a holding potential at Ϫ20 mV (6) .
Atrial Myocyte Isolation and Current Recording-Japanese white rabbits were anesthetized with sodium pentobarbital and the hearts were excised after being heparinized. Single atrial myocytes were isolated enzymatically as described previously (15) . Whole cell currents were recorded in modified Tyrode solution using standard techniques. Patch pipettes had a resistance of 3-5 M⍀ after being filled with an internal solution.
Solutions and Chemicals-Xenopus oocytes were kept in ND96(Ϫ) solution containing 96 mM NaCl, 2 mM KCl, 2 mM MgCl 2 , and 5 mM HEPES (pH 7.3-7.4 adjusted with NaOH). Whole cell currents were recorded in KD98 solution containing 98 mM KCl, 2 mM KOH, 1.8 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM HEPES (pH 7.2 adjusted with MES).
Current recordings from rabbit atrial myocytes were performed in external solution consisting of 150 mM NaCl, 10 mM KCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES (pH 7.4 adjusted with NaOH). Tetrodotoxin (0.02 mM) and nifedipine (0.01 mM) were added to the solution to block I Na and I Ca,L . Internal pipette solution contained 150 mM KCl, 5 mM NaCl, 1 mM CaCl 2 , 1 mM MgCl 2 , and 10 mM HEPES (pH 7.2 adjusted with KOH).
All chemicals were purchased from Sigma except RGD peptide (GRGDSP, Invitrogen). Phorbol 12-myristate 13-acetate (PMA), staurosporine, calphostin C, cytochalasin D, and phalloidin were dissolved in dimethyl sulfoxide. Final concentrations of Me 2 SO in the recording chamber were less than 0.1% and had no effects on the GIRK, IRK1, and K ACh channel activity.
Hypo-osmotic Challenge-For Xenopus oocytes, normal osmotic external solution contained 50 mM KCl and 100 mM sucrose (200 mosmol). Hypo-osmotic challenge (100 mosmol) was induced by removal of sucrose for 15-30 min. This procedure caused substantial cell swelling, resulting in a significant increase of oocyte diameter by 6.7 Ϯ 1.2% (n ϭ 10, p Ͻ 0.05). For Chinese hamster ovary cells, normal osmotic external solution contained 30 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 10 mM HEPES, and 225 mM mannitol (300 mosmol). Hypo-osmotic challenge (225 mosmol) was induced by removal of mannitol.
Confocal Microscopy-PHD-GFP was expressed in Xenopus oocytes and Chinese hamster ovary cells by cRNA injection and transient DNA transfection, respectively. The oocytes or cells were placed in a small chamber on a glass coverslip and placed on a stage of inverted laser scanning confocal microscope (TE2000 and C1, Nikon, Tokyo, Japan). A 1-m section of an oocyte or a 0.3-m section of a cell was imaged using a ϫ40 objective lens.
Statistics-Data are presented as mean Ϯ S.E. Differences were analyzed with Student's paired or unpaired t test and considered significant at p Ͻ 0.05.
RESULTS
Mechanosensitivity of GIRK Channels-Because native atrial K ACh channels are heteromeric proteins consisting of GIRK1 and GIRK4 subunits (1), we first examined the mechanosensitivity of the heteromeric GIRK1/4 channels expressed in Xenopus oocytes. Co-expression of GIRK1, GIRK4 (GIRK1/ GIRK4 ϭ 1), and G␤␥ (G␤␥/GIRK ϭ 0.2) in oocytes led to large basal currents of strong inward rectification through the persistent activation by G␤␥. As shown in Fig. 1 , hypo-osmotic challenge led to a significant decrease in the current amplitude of the GIRK1/4 current by 22.8 Ϯ 4.5% (n ϭ 6, p Ͻ 0.05), reaching its lowest point 20 -30 min after the start of the perfusion of hypo-osmotic solution. This is consistent with a previous report by Ji et al. (6) . The GIRK1/4 currents recovered to initial values after the solution was returned to normal osmotic solution. In control experiments, we showed that another member of the Kir family, IRK1 (Kir2.1), was not affected by hypo-osmotic challenge (Fig. 1) . In addition, non-injected oocytes did not show any change of the current amplitude in response to the hypo-osmotic challenge (data not shown).
We next applied the hypo-osmotic challenge to homomeric GIRK1 and GIRK4 channels that were separately expressed. Because the GIRK1 subunit has been reported not to form functional channels by itself when heterologously expressed in Xenopus oocytes (16) , the mutant GIRK1(F137S) was used to make functional homomeric GIRK1 channels (17) . The extent of current reduction by hypo-osmotic challenge was significantly greater in the GIRK4 channel (42.6 Ϯ 8.4%, n ϭ 8, p Ͻ 0.01) than in the GIRK1 channel (16.6 Ϯ 6.2%, n ϭ 11, p Ͻ 0.05) (Fig. 1) . These results indicate that both GIRK4 and GIRK1 subunits play important roles in the mechanosensitivity of the GIRK1/4 channels.
PKC Activation Mediates Mechanosensitivity-We investigated whether membrane stretch inhibits GIRK currents via a PKC-dependent pathway. When the PKC activator, PMA, was added to the external bath solution for 3 min, the homomeric GIRK4 current decreased by 46.7 Ϯ 4.8% (n ϭ 4, p Ͻ 0.01), reaching a plateau level at ϳ30 min. Homomeric GIRK1-(F137S) and heteromeric GIRK1/4 showed similar PKC sensitivity (inhibited by PMA, respectively, by 44.7 Ϯ 2.1%, n ϭ 10, p Ͻ 0.01, and 45.5 Ϯ 1.8%, n ϭ 8, p Ͻ 0.01) ( Fig. 2A) . For control experiments, PMA was added to oocytes expressing IRK1; the IRK1 current was insensitive to PKC activation ( Fig. 2A ) as has been previously described by Henry et al. (18) .
Preincubation of oocytes with staurosporine (1 M), a nonspecific PKC inhibitor, for 12-24 h prevented the mechanosensitivity of the GIRK4 channel (Fig. 2B ). Calphostin C (2 M), a specific PKC inhibitor, gave similar results to staurosporine (Fig. 2B) . Taken together, these results indicate that PKC activation is intimately involved in the mechanosensitive gating of GIRK channels.
We also examined if PMA-induced and mechanical stretchinduced inhibitions of homomeric GIRK4 channels are additive (Fig. 2, C and D) . In the oocyte challenged initially by hypoosmotic challenge, the current was reduced by 43 Ϯ 6.2% (n ϭ 8, p Ͻ 0.05), reaching to a plateau level at 20 -30 min. Additional application of PMA (1 M) resulted in a further significant current reduction; the current was reduced finally by 54 Ϯ 4.8% from the baseline (n ϭ 8, p Ͻ 0.05) (Fig. 2C ). In contrast, initial exposure to 1 M PMA resulted in the current reduction by 58 Ϯ 3% (n ϭ 3, p Ͻ 0.05), and additional application of hypo-osmotic challenge caused no further current reduction (Fig. 2D) .
Channel-PIP 2 Interaction Is Critical for Mechanosensitivity-PIP 2 plays a pivotal role in the regulation of GIRK channels: regulatory molecules such as G␤␥ and Na ϩ activate GIRK channels by strengthening the interaction of the channel with PIP 2 (4). Although both GIRK1/4 and IRK1 channels are modulated by PIP 2 (19) , GIRK channels possess weaker PIP 2 affinity than IRK1, such that GIRK can be more readily modulated by G␤␥, and intracellular Na ϩ and Mg 2ϩ (4) . We predicted that the difference in the strength of PIP 2 interaction with the channel subunit might be responsible for the differential responses of GIRK and IRK1 channels to PKC activators and to the hypo-osmotic challenge. Recent studies have demonstrated that arginine (Arg 225 and Arg 235 ) and isoleucine (Ile 229 ) residues in the proximal C terminus of GIRK are critical for the interaction with PIP 2 (Fig. 3) . Replacement of these residues with the corresponding regions of IRK1 was shown to strengthen the channel-PIP 2 interaction (20) . To test whether these regions are responsible for the mechanosensitivity and PKC sensitivity, we swapped the region spanning Arg 225 -Arg 235 in GIRK4 with the corresponding region of IRK1, and replaced Ile 229 in GIRK4 with the corresponding residue from IRK1, namely leucine. The resultant chimera and mutant were designated as GIRK4-IRK1(Lys 207 -Leu 245 ) and GIRK4(I229L) (Fig. 3) .
Both of GIRK4-IRK1(Lys 207 -Leu 245 ) and GIRK4(I229L) channels expressed alone (without G␤␥ subunits) in oocytes had larger basal current with strong inward rectification compared with GIRK4 channels co-expressed with G␤␥. If the channel expression levels are similar, the larger basal current can be because of stronger channel-PIP 2 interaction (Fig. 4A) . The mechanosensitivity was abolished almost completely in the GIRK4-IRK1(Lys 207 -Leu 245 ) and GIRK4(I229L) channels (Fig .   FIG. 1 . Mechanosensitivity of heteromeric and homomeric GIRK channels expressed in Xenopus oocytes. A, whole cell current traces recorded with the two-electrode voltage-clamp technique before (control) and after hypo-osmotic challenge (hypo) causing swelling of oocytes that express heteromeric GIRK1/4, homomeric GIRK4, homomeric GIRK1(F137S), or IRK1 channels. Voltage was clamped for 400 ms from a holding potential at Ϫ20 mV to Ϫ140 ϳ ϩ40 mV in 20-mV increments. The osmotic pressure of the external bath solution was reduced to 50% of control. B, time course of changes of whole cell current at Ϫ140 mV in response to the hypo-osmotic challenge. The current amplitude was normalized to the baseline value (control) before the hypo-osmotic challenge. The data were obtained from oocytes expressing GIRK1/4, GIRK4, GIRK1(F137S), or IRK1 channels (mean Ϯ S.E., n ϭ 6 -11). 4B). Similar results (relatively large basal currents and a loss of mechanosensitivity) were also obtained when these chimera and mutant channels were co-expressed with G␤␥ (data not shown).
We next constructed a reverse chimera of IRK1 by swapping the PIP 2 -interacting region of GIRK4. The reverse chimera, IRK1-GIRK4(Lys 214 -Leu 252 ) showed no appreciable basal current (Fig. 4A) . Thus, we made single and double points mutants of IRK1 by replacing residues of IRK1 with the corresponding residues of GIRK4. The reverse single point mutants of the IRK1 channel (IRK1(L222I) and IRK1(R213Q)) showed relatively large basal currents (Fig. 4A) . Those single point mutants, however, did not gain mechanosensitivity (Fig. 4C) . A single point mutation might have been insufficient to modulate the IRK1 channel properties. We, therefore, further constructed a reverse double point mutant, IRK1(L222I/R213Q), to obtain a greater modification of the channel-PIP 2 interaction. The double mutant channel demonstrated strong inward rectifying basal currents with amplitude comparable with GIRK4 channel co-expressed with G␤␥ (Fig. 4A) . The double mutant current was significantly inhibited by hypo-osmotic challenge (by 33 Ϯ 7%), although the time course of inhibition was slower than that of wild-type GIRK4 (Fig. 4D) .
Overexpression of G␤␥ Attenuates Mechanosensitivity-G␤␥ can directly interact with GIRK channels and stabilize the interaction with PIP 2 , inducing channel activation (5) . If the mechanosensitivity of GIRK channels is dependent on channel-PIP 2 interaction, as we have presented above, then G␤␥ overexpression might decrease or block the mechanosensitivity. We therefore co-expressed excess G␤␥ with wild-type GIRK4 channels (the ratio of G␤␥/GIRK4 was increased from 0.2 to 18.0). As shown in Fig. 5 , overexpression of G␤␥ attenuated the current reduction by hypo-osmotic challenge from 42.6 Ϯ 8.4 to 14 Ϯ 4.3% (n ϭ 6, p Ͻ 0.05). In the meantime, the overexpression of G␤␥ had no significant effects on the current reduction in response to PMA (1 M) (data not shown).
Channel-PIP 2 Interaction and PKC Sensitivity-To clarify the relationship between the PKC pathway and the channel-PIP 2 interaction, we examined the effects of PMA on the chimera and mutant channels in which the strength of PIP 2 binding had been modified. As shown in Fig. 6A , the GIRK4(I229L) and the GIRK4-IRK1(Lys 207 -Leu 245 ), which are predicted to have stronger PIP 2 affinity than wild-type GIRK4, had significantly less PKC sensitivity; the current reduction at 30 min for GIRK4(I229L) (by 29 Ϯ 2.0%, n ϭ 4) and the corresponding value for GIRK4-IRK1(Lys 207 -Leu 245 ) (by 18 Ϯ 1.8% n ϭ 6) were both significantly less than wild-type GIRK4 (by 42.6 Ϯ 8.4%, n ϭ 8) (p Ͻ 0.05). The time course of current inhibition was also slower in these chimera and mutant channels. Moreover, the reverse single point mutants, IRK1(L222I) and IRK1(R213Q), which presumably have weaker PIP 2 affinity than wild-type IRK1, gained PKC sensitivity of a slower time course (Fig. 6B) . Interestingly, the reverse double point mutant, IRK1(L222I/R213Q), was inhibited by PKC activation as rapidly as wild-type GIRK4. These data suggest that PKC sensitivity depends on the strength of the channel-PIP 2 interaction.
How Does PKC Activation Modify Channel-PIP 2 Interaction?-Two hypotheses were investigated; first, that PKC phosphorylates the GIRK channels directly, thereby altering the channel interaction with PIP 2 , and second, that PKC activation regulates PIP 2 metabolism via other factors. Previous reports suggested that PIP 2 levels in the cell membrane are regulated by PKC activity through a modulation of synthesis via phos-FIG. 2. PKC activation mediates mechanosensitivity of GIRK channels. A, time course of changes in the whole cell current at Ϫ140 mV in response to 1 M PMA (a PKC activator) in oocytes expressing heteromeric GIRK1/4, homomeric GIRK4, homomeric GIRK1-(F137S), or IRK1 channels. The current amplitude was normalized to the baseline value (control) before PMA application (mean Ϯ S.E., n ϭ 4 -6). B, time course of changes of the whole cell current at Ϫ140 mV in response to the hypo-osmotic challenge in oocytes expressing GIRK4 channels. The current amplitude was normalized to the baseline value (control) before the hypo-osmotic challenge (mean Ϯ S.E., n ϭ 5-12). Preincubation with 1 M staurosporine (a nonspecific PKC inhibitor) or 2 M calphostin C (a specific PKC inhibitor) for 12-24 h prevented the mechanosensitivity of GIRK4 channels. *, p Ͻ 0.05 versus untreated (GIRK4). C and D, combined effects of hypo-osmotic challenge and PMA in oocytes expressing GIRK4 channels. In 8 oocytes, hypo-osmotic challenge was applied first, and 1 M PMA was added later (C), and in 3 other oocytes, PMA was applied first and hypoosmotic challenge was added later (D). Time course of changes in the whole cell current at Ϫ140 mV was plotted.
phatidylinositol kinase and phosphatase (21, 22) or a modulation of hydrolysis via PLC (23, 24) .
To elucidate the role of direct channel phosphorylation, we examined the mechanosensitivity and PKC sensitivity in the mutant GIRK4 channels in which potential PKC phosphorylation sites were mutated. GIRK4 possesses five consensus PKC phosphorylation sites of the (S/T)-X-(R/K) sequence (Fig. 3 ) (25) . The five single point mutants in which serine or threonine was replaced with alanine, or the mutant in which all five phosphorylation sites were abolished, still retained PKC sensitivity in terms of the PMA-induced current reduction comparable with wild-type GIRK4, although GIRK4(S233A) and the quintuple mutant yielded small basal currents (Fig. 7, A and  B) . The current reduction in response to hypo-osmotic challenge (mechanosensitivity) was also well preserved in all the six mutant channels (Fig. 7C ). These observations suggest that the PKC-dependent regulation of the mechanosensitivity of GIRK channels may not be attributed to direct phosphorylation of the channels.
We next examined the role of PIP 2 hydrolysis by using a PH domain of PLC-␦ tagged with green fluorescent protein (PHD-GFP). Because PHD-GFP binds specifically to both inositol triphosphate and PIP 2 , it provides a relative rather than an absolute measurement of changes in plasma membrane PIP 2 levels (26). Quantification of the membrane localization would also be limited under the condition causing a substantial change of membrane shape. Despite such limitations, however, the technique will provide useful information to estimate the extent and time course of PIP 2 hydrolysis (30). Fig. 8A displays confocal images from Xenopus oocytes expressing PHD-GFP. PHD-GFP localized to the plasma membrane, where it is bound to PIP 2 under the control condition (Fig. 8A, left upper panel) . Hypo-osmotic challenge applied to the oocyte resulted in appreciable translocation of the PHD-GFP signal to the cytoplasm within 5 min, allowing direct observation of PIP 2 hydrolysis to inositol triphosphate (Fig. 8A, right upper panel) . Treatment of another oocyte with 1 M PMA caused similar rapid translocation of GFP signal from the cell membrane to cytoplasm within 5 min (Fig. 8A, left lower panel) . When hypoosmotic challenge was applied to the oocyte preincubated with 1 M staurosporine for 12 h, it did not cause a substantial change of the membrane-limited localization of PHD-GFP , shaded) are critical for PIP 2 binding in GIRK4. Asterisks indicate the target residues for point mutation to alter the PIP 2 -channel interaction. signal (Fig. 8A, right lower panel) . Fig. 8B summarizes the quantitative data of the relative fluorescence in the membrane versus the cytosol. The fluorescence ratio was reduced significantly by 35 Ϯ 2.5% with hypo-osmotic challenge (n ϭ 3) and by 38 Ϯ 4% (n ϭ 3) with 1 M PMA (p Ͻ 0.05). In the oocytes preincubated with staurosporine, however, the fluorescence ratio was unaffected by hypo-osmotic challenge (n ϭ 3). Similar prevention of PHD-GFP translocation in response to the hypo-osmotic challenge was obtained in the oocytes preincubated with 2 M calphostin C, a specific PKC inhibitor (data not shown). These results suggest that hypo-osmotic challenge enhances PIP 2 hydrolysis via PLC, and PKC activation is involved in the phenomenon. The consequent PIP 2 reduction in the membrane would prevent GIRK channel activation.
Membrane stretch may enhance PIP 2 hydrolysis not only in amphibian oocytes but also in mammalian cells. To confirm this issue, we applied hypo-osmotic challenge to Chinese hamster ovary cells transfected with PHD-GFP. Rapid translocation of GFP signals in response to hypo-osmotic challenge and its reversal upon resumption of the osmotic pressure were recognized (Fig. 8C) .
Actin-Cytoskeleton Is Involved in Mechanosensitivity-To evaluate whether cytoskeletal interactions are involved in the mechanosensitivity of GIRK channels, oocytes were preincubated for 4 -12 h with compounds affecting actin polymeriza-
FIG. 4. Mechanosensitivity of GIRK channels is modulated by PIP 2 -channel interaction.
A, basal current amplitudes at Ϫ140 mV of wild type, mutant, and chimera channels of GIRK4 and IRK1 (mean Ϯ S.E., n ϭ 6 -8). GIRK4 had been expressed alone (GIRK4(no G␤␥)) or together with G␤␥ (GIRK4(WT)). All other channels had been expressed without G␤␥. B, time course of changes of the whole cell current at Ϫ140 mV in response to the hypo-osmotic challenge. The current amplitude was normalized to the baseline value (mean Ϯ S.E., n ϭ 5-9). A GIRK4 mutant (GIRK4(I229L)) and a chimera (GIRK4-IRK1(Lys 207 -Leu 245 )), which strengthens the channel-PIP 2 interaction, unlike wild-type GIRK4, did not show mechanosensitivity. C, reverse single point mutants of IRK1 (IRK1(L222I) and IRK1(R213Q)) did not show mechanosensitivity. D, a reverse double point mutant of IRK1 (IRK1(L222I/R213Q)), which is expected to have weaker PIP 2 affinity, gained mechanosensitivity, although the time course of current inhibition was slower than that of wild-type GIRK4. The current amplitude was normalized to the baseline value (mean Ϯ S.E., n ϭ 5-9). *, p Ͻ 0.05 versus IRK1(WT).
tion. In oocytes preincubated with cytochalasin D (10 M), which induces actin depolymerization and disrupts the cytoskeleton (27, 28) , the hypo-osmotic challenge caused a less prominent (by 33 Ϯ 3.2%, n ϭ 3, p Ͻ 0.05) and a slower inhibition of GIRK4 currents than in untreated control oocytes (by 42.6 Ϯ 8.4%, n ϭ 8) (Fig. 9A) . Preincubation with phalloidin (20 M), which induces actin polymerization and stabilizes the cytoskeleton (27, 28) , also attenuated the mechanosensitivity of GIRK4 currents compared with untreated control oocytes from 42.6 Ϯ 8.4 to 21.4 Ϯ 1.6% (n ϭ 3, p Ͻ 0.05) (Fig. 9B ). These observations indicate that cytoskeleton might either be directly involved in the mechanosensitivity of the GIRK channel, or modulate the translocation of PKC, thereby indirectly affecting the mechanosensitivity of the channel.
Integrin, a transmembrane protein, is suggested to be a mechanosensor that transmits mechanical signals to the cytoskeleton (29) . In the present study, we also examined the influence of integrin on the mechanosensitivity of the GIRK channel. For mutation in the RGD motif (the recognition sequence of integrin for other proteins), GIRK4(R115K) did not affect the mechanosensitivity of GIRK4 channel (Fig. 9C) . In addition, the application of RGD peptide (GRGDSP, 100 M), which completely inhibits integrin binding to the RGD motif in other proteins (24), did not change the mechanosensitivity of GIRK4 channels (Fig. 9D) .
Involvement of PKC Activation in the Mechanosensitivity of K ACh Channels in Native Atrial Myocytes-Whole cell currents were recorded from isolated rabbit atrial myocytes by using a patch clamp technique at a holding potential of Ϫ100 mV (Fig.  10) . Positive pressure (10 cmH 2 O) was applied to the myocyte through the patch electrode to induce membrane stretch as described previously (6) . The positive pressure did not affect the basal current. Application of carbachol (CCh, 10 M) to the external solution gave rise to a large inward current. Positive pressure (for 30 s) applied in the presence of CCh caused a prompt reduction of the inward current (by 25 Ϯ 3%, n ϭ 4), and the effect was reversible upon removal of the pressure (Fig.  10A) . The CCh-induced current was abolished by external application of 5 mM Ba 2ϩ , which is known to block K ACh channels. The current in the presence of both 10 M CCh and 5 mM Ba 2ϩ was unaffected by positive pressure.
External application of 500 nM PMA (for 1 min) also caused a reduction of the CCh-induced inward current (by 41 Ϯ 4%, n ϭ 3); the onset of current reduction was slow and the change was not reversed upon removal of PMA (Fig. 10B) like the effects of PMA on the GIRK channels expressed in oocytes ( Fig.  2A) . In atrial myocytes pretreated with 500 nM staurosporine (30 min application to the external solution), positive pressure (10 cmH 2 O) caused only a minimal reduction of the CCh-induced inward current (by 8 Ϯ 3%, n ϭ 6) (Fig. 10C) , and the change was significantly less than that without pretreatment (Fig. 10D) . Positive pressure applied to the myocytes after elimination of the CCh-induced current by 5 mM Ba 2ϩ had no effect (Fig. 10C) . A similar inhibition by positive pressure was observed in the atrial myocytes pretreated by direct application of 100 nM staurosporine to the pipette solution (data not shown). These results indicate that PKC plays an important role in the mechanosensitivity of K ACh channels in native atrial myocytes.
DISCUSSION
The present study is the first report to define the molecular basis for the mechanosensitivity of GIRK channels. We have FIG. 5 . Overexpression of G␤␥ attenuates mechanosensitivity of GIRK channels. Time course of changes of the whole cell current at Ϫ140 mV in response to hypo-osmotic challenge. Current amplitude was normalized to the baseline value before the hypo-osmotic challenge (mean Ϯ S.E., n ϭ 6). Overexpression of G␤␥ (the ratio of G␤␥/GIRK4 was increased from 0.2 to 18.0) decreased the mechanosensitivity of GIRK4 channels. *, p Ͻ 0.05 versus GIRK4 with G␤␥ (G␤␥/GIRK4 ϭ 0.2).
FIG. 6. PKC sensitivity of GIRK channels depends on channel-PIP 2 interaction.
A, time course of changes in the whole cell current at Ϫ140 mV in response to 1 M PMA (a PKC activator) in oocytes expressing wild-type GIRK4, a GIRK4 mutant (GIRK4(I229L)), and a chimera (GIRK4-IRK1(K207-L245)). The current amplitude was normalized to the baseline value before PMA application (mean Ϯ S.E., n ϭ 4 -6). The mutant and chimera channels, which strengthen the channel-PIP 2 interaction, showed smaller current inhibition with a slower onset. *, p Ͻ 0.05 versus wild-type GIRK4. B, time course of changes in the whole cell current in response to 1 M PMA in oocytes expressing GIRK4(WT), IRK1(WT), reverse single point mutants of IRK1 (IRK1(L222I), and IRK1(R213Q)), and a double point mutant of IRK1 (IRK1(L222I/R213Q) (mean Ϯ S.E., n ϭ 4 -8). The reverse single mutants showed PKC sensitivity with slower onset. The reverse double mutant, in contrast, gained PKC sensitivity comparable with that of wild-type GIRK4. *, p Ͻ 0.05 versus IRK1(WT).
found that PKC and PIP 2 play important roles in regulating the mechanosensitivity of GIRK channels. PKC activation may cause a reduction of membrane PIP 2 content, giving rise to an inhibition of channel-PIP 2 interaction required for the GIRK channel activity. The involvement of PKC in the mechanosensitivity of K ACh channels was also confirmed in native atrial myocytes. Our data seem to indicate that integrin is not involved in the inhibition of GIRK by mechanical stretch via a classical RGD motif, although we cannot exclude a possible integrin binding via an atypical motif (16) .
In vivo and in vitro experiments have implicated multiple signaling pathways in the cellular response to mechanical stretch, including PLC, PKC, and protein kinase A. In the mechanosensitivity of the GIRK channel, PKC is considered to be an essential molecule in the signal cascade for the following reasons. First, an inhibition of PKC by staurosporine or calphostin C prevented the hypo-osmotic challenge-induced GIRK4 current reduction almost completely. Second, the effects of hypo-osmotic challenge and PKC activation on the current amplitude were qualitatively parallel in the GIRK (wild-type, mutant, and chimera) channels employed in the present study. Third, PKC activation, like hypo-osmotic challenge, caused a rapid translocation of PHD-GFP signal from the cell membrane to the cytosol.
Another key molecule is PIP 2 . Emerging evidence have indicated a novel mechanism for regulation of inward rectifying K ϩ channels via direct interaction with membrane phospholipids, PIP 2 (5, 30, 31) . This direct interaction occurs between PIP 2 and several positively charged residues in the proximal C termini of the channel (5) and likely regulates channel opening by stabilizing the structure of the cytoplasmic entrance of the pore. PIP 2 mediates the regulation of the GIRK channel by G␤␥, intracellular Na ϩ and Mg 2ϩ . Kobrinsky et al. (32) reported that receptor-regulated PIP 2 hydrolysis (via M 1 muscarinic receptor) causes desensitization of GIRK channels through a reduction of PIP 2 content in the sarcolemma. Zhou et al. (33) have demonstrated that local anesthetics inhibit the GIRK channel by antagonizing the channel-PIP 2 interaction. We found that GIRK4 chimera (GIRK4-IRK1(Lys 207 -Leu 245 )) and mutant (GIRK4(I229L)) channels (with strengthened channel-PIP 2 interaction) showed much less mechanosensitivity and PKC sensitivity compared with wild-type GIRK4 chan- were obtained in oocytes expressing five single point mutants and a quintuple mutant at the five consensus PKC phosphorylation sites (Ser or Thr was substituted by Ala), and compared with those of GIRK4(WT) (mean Ϯ S.E., n ϭ 6 -8). The mutations did not affect PKC sensitivity and mechanosensitivity, although the basal current amplitude was decreased in GIRK4(S233A) and GIRK4(quintuple). *, p Ͻ 0.05 versus GIRK4(WT). nels. In contrast, IRK1 gained the mechanosensitivity and PKC sensitivity by reverse double point mutation of the PIP 2 binding domain (L221/R213Q) to weaken the channel-PIP 2 interaction. These observations are concordant with the above mentioned scenario, suggesting a common PIP 2 regulatory machinery of GIRK channel activation.
In the present study, mutagenesis of the five consensus PKC phosphorylation sites in GIRK4 channels did not inhibit the mechanosensitivity and PKC sensitivity. Accordingly, PKC activation may not modulate the channel-PIP 2 interaction by direct GIRK channel phosphorylation. Our experiments using Xenopus oocytes expressing PHD-GFP have shown that hypoosmotic challenge or PMA application caused a prompt translocation of GFP signals from the cell membrane to the cytosol, indicating PIP 2 hydrolysis by the stimuli. In addition, the hypo-osmotic challenge-induced PHD-GFP translocation was prevented by PKC inhibitors (staurosporine and calphostin C). It seems reasonable to speculate from these observations that an activation of PKC in response to membrane stretch may enhance PIP 2 hydrolysis, and the consequent reduction of membrane PIP 2 content would prevent the GIRK channel-PIP 2 interaction. Zeng et al. (34) have demonstrated in Xenopus oocytes co-expressing ROMK1 and muscarinic (M 1 ) receptors that an activation of PKC inhibits the channel in association with a reduction of 32 P-labeled PIP 2 content in the membrane.
The signaling pathways upstream of the PKC activation in response to membrane stretch remain unknown. Mechanical stretch might activate PLC first, and in turn cleave PIP 2 into diacylglycerol and inositol 1,4,5-triphosphate. Diacylglycerol and Ca 2ϩ then activate PKC. In this case, PKC will make a positive-feedback circuit by enhancing the PIP 2 hydrolysis, and play a role of signal amplifier. PKC activation can also reduce the membrane PIP 2 content by regulation of the phosphatidylinositol transfer protein (35) , and regulation of activity and location of lipid phosphatases and/or lipid kinases (21, 22) . The molecular identity of lipid kinases and phosphatases regulating the PIP 2 metabolism remain controversial.
Our findings may have clinical implications, because some hereditary diseases have been reported to be the result of genetic mutations affecting Kir channel-PIP 2 interaction. Lopes et al. (37) recently found that mutations in IRK1 (R218Q and R218W), which alter Kir channel-PIP 2 interaction, are associated with Anderson's syndrome, a disease characterized by periodic paralysis, cardiac arrhythmias, and dysmorphic features (36) . Also ROMK1 mutations at Arg 312 , which decrease the affinity for PIP 2 , are associated with the antenatal variant of Bartter's syndrome, a disease characterized by poly- 
FIG. 9.
Cytoskeletal interactions involved in the mechanosensitivity. Changes in the whole cell current at Ϫ140 mV in response to hypo-osmotic challenge were examined in oocytes expressing GIRK4 channels. The current amplitude was normalized to the baseline before hypo-osmotic challenge. A, preincubation of oocytes with cytochalasin D (10 M) resulted in a less prominent current reduction with slower onset (mean Ϯ S.E., n ϭ 3, *, p Ͻ 0.05 versus control). B, preincubation of the oocytes with phalloidin (20 M) resulted in a similar attenuation of the mechanosensitivity (mean Ϯ S.E., n ϭ 4, *, p Ͻ 0.05 versus control). C, mutation in the RGD motif of the GIRK4 channel (GIRK4(R115K)) had no significant effect on the mechanosensitivity (mean Ϯ S.E., n ϭ 4, no significant difference from wild-type GIRK4). D, application of RDG peptide did not prevent the GIRK4 mechanosensitivity (mean Ϯ S.E., n ϭ 4, no significant difference from control).
hydramnios, premature delivery, hypokalemic alkalosis, and hypercalciuria (37) . To date, clinical conditions associated with alterations in PIP 2 interaction with GIRK4 have not been identified to our knowledge.
We should be careful in extrapolating the present results to the native GIRK channels in the heart, because compositions of membrane phospholipids and intracellular regulating molecules are different between Xenopus oocytes and cardiac myo- FIG. 10 . Involvement of PKC activation in the mechanosensitivity of K ACh channels in native atrial myocytes. A, whole cell current was recorded from a rabbit atrial myocyte at Ϫ100 mV, and positive pressure (10 cmH 2 O, 30 s) was applied to the myocyte through the patch electrode to produce membrane stretch. A large inward current (I K,ACh ) was elicited by external application of 10 M CCh, and the current was abolished by additional application of 5 mM BaCl 2 (Ba 2ϩ ). The positive pressure (stretch) caused a prompt decrease of the CCh-induced current (by 25%), and the change was reversible. The stretch applied in the absence of CCh or in the presence of both CCh and BaCl 2 caused no appreciable current change. B, external application of 500 nM PMA for 1 min to an atrial myocyte caused a decrease of the CCh-induced inward current (I K,ACh ) by 43%; the onset of current reduction was slow and the change was not reversed upon removal of PMA. C, in a myocyte preincubated with 500 nM staurosporine (30 min application to the external solution), membrane stretch (positive pressure) caused a minimal reduction of the CCh-induced inward current (by 8.5%). The stretch applied in the absence of CCh and in the presence of both CCh and BaCl 2 caused no appreciable current change. D, pooled data for percent inhibition of the CCh-induced inward current by PMA (n ϭ 3), by membrane stretch in untreated myocytes (n ϭ 4), and by membrane stretch in myocytes pretreated with staurosporine (n ϭ 6). *, p Ͻ 0.05.
cytes. Further experimental studies will be required to substantiate physiological relevance of the present study.
